This study investigated the bonding effectiveness of novel acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates (dithiooctanoate monomers) to precious metals and alloys. Eight kinds of dithiooctanoate monomers were synthesized in 16.09-39.34% yields. They were characterized and confirmed as new compounds using 1 H-and 13 C-NMR spectroscopy and mass spectral analysis. Eight experimental primers each containing 5.0 wt% of a novel dithiooctanoate monomer in acetone were prepared. After primer treatment and 2,000 thermal cycles, tensile bond strengths of MMA-PMMA/TBBO resin to seven metal adherends were measured.
INTRODUCTION
Numerous adhesion-promoting monomers (adhesive monomers), which play a pivotal role in adhesion, have been continuously developed by means of the technologies used in synthetic chemistry. Effective bonding to dental hard tissues and non-precious metals can be achieved by acidic adhesive monomers bearing acidic groups (i.e., carboxylic acid and its anhydride, phosphoric acid, and phosphonic acid). However, bonding between precious metals (such as gold) and acidic adhesive monomers remains a problem because of the chemical inertness of precious metals.
To achieve strong adhesion to dental precious metal alloys, a number of surface modification methods were developed: heat treatment 1, 2) , electroplating with tin 3, 4) , silica coating [5] [6] [7] , ion-coating 1) , and the application of liquid Ga-Sn alloy 8) . Of late, metal primers containing sulfur-containing adhesive monomers have become increasingly popular for bonding to dental precious metal alloys because they are easy to use, time-saving, and provide effective bonding.
Chemical adsorption of organic sulfur compounds on precious metal surfaces and formation of monolayer films by the spontaneous assembly of organic thiols on these surfaces are well investigated in the semiconductor industry 9, 10) . Outstanding characteristic of sulfur-containing adhesive monomers is their ability to interact chemically with precious metal atoms on the surfaces of precious metals 11, 12) . Therefore, during the past several years, efforts aimed at promoting adhesion to precious metals have focused on developing new sulfur-containing adhesive monomers 13) .
To date, many sulfur-containing adhesive monomers for bonding to precious metals and alloys were developed: thiophenols, thiophosphoric acids, triazinedithiones, thiols, thiobarbituric acids, sulfides, disulfides, thiouracil and thiirane monomers. Some were already included in the formulations of commercial metal primers to promote bonding to precious metals. In the dental field, the use of metal primers containing adhesive monomers for the fabrication of resin composite-veneered restorations and intraoral repair of fractured ceramic or resin composite veneers is on the increase 14) .
The structure of a sulfur-containing adhesive monomer typically consists of three parts: a polymerizable functional group, a connecting group, and an adhesionpromoting group which contains the sulfur atom 15) . To develop more advanced bonding systems for precious metals and alloys, our research strategy focused on the cyclic disulfide moiety. In the present study, eight kinds of novel acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates were synthesized. Their bonding performances to seven kinds of precious metals and dental precious metal alloys -gold (Au), silver (Ag), platinum (Pt), palladium (Pd), Au alloy, Ag alloy, and Au-Ag-Pd alloy-were then evaluated.
MATERIALS AND METHODS

Characterization of synthesized adhesive monomers
Proton nuclear magnetic resonance ( 1 H NMR) spectroscopy and carbon-13 nuclear magnetic resonance ( 13 C NMR) spectroscopy were used to characterize the structures of the newly synthesized products. NMR measurements were made using a JNM-400A (400 MHz) spectrometer (Jeol, Tokyo, Japan) with tetramethylsilane as an internal standard and deuterated chloroform as a solvent. Molecular weights of the synthesized compounds were determined by mass spectral analysis (GCMS-QP2010 Plus, Shimadzu Corp., Kyoto, Japan) with tetrahydrofuran (THF) as a solvent.
Before performing NMR spectroscopy and mass spectral analysis, all synthesized products were spotanalyzed using thin layer chromatography (TLC) with chloroform as a solvent. Each synthesized product was deposited as a small spot on a silica gel-coated TLC plate, and then the separated spots were observed under ultraviolet (UV) light. Figure 1 schematically illustrates the synthesis pathways of acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates (dithiooctanoate monomers). They were synthesized via an esterification reaction of monohydroxy alkyl acrylates or methacrylates with 6,8-dithiooctanoic acid (DTA).
Synthesis of acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates
2-Methacryloyloxyethyl 6,8-dithiooctanoate (2-MEDT)
A mixture of 2-hydroxyethyl methacrylate (HEMA; 6.50 g, 0.05 mol), DTA (10.36 g, 0.05 mol), N,N'dicyclohexylcarbodiimide (DHCD; 10.30 g, 0.05 mol), and benzene (100 g) was continuously stirred at room temperature for 2 weeks. As reaction progressed, a white precipitate was formed. After the reaction was completed, the precipitate was filtered off. Benzene was removed and separated from the resulting filtrate under reduced pressure. Components of the residue were separated and purified by a silica gel column using benzene as eluent. A yellow, transparent, viscous liquid was then obtained in the amount of 6.09 g (yield: 38.24%). 2. 6-Methacryloyloxyhexyl 6,8-dithiooctanoate (6-MHDT) To a stirred mixture of 1,6-hexamethylene glycol (HMG; 236 g, 2.0 mol), pyridine (118 g, 1.5 mol), and THF (1.2 L), methacryloyl chloride (MAC; 209 g, 2.0 mol) was added drop-wise for 2-3 hours at 10-15°C, and further reacted at 15°C for 4 hours. After removing precipitated pyridine hydrochloride salts and solvent, components of the reaction mixture were separated by column chromatography. A colorless, transparent, viscous liquid of pure 6-hydroxyhexyl methacrylate (6-HHMA) was thus obtained (70 g).
With DHCD (10.30 g, 0.05 mol) in benzene (100 g), the reaction of 6-HHMA (13.0 g, 0.07 mol) and DTA (10.36 g, 0.05 mol) was carried out in a manner similar to the synthesis of 2-MEDT. A yellow, transparent, viscous liquid was then obtained in the amount of 6.10 g (yield: 32.62%). 3. 10-Methacryloyloxydecyl 6,8-dithiooctanoate (10-MDDT) Esterification of 1,10-decamethylene glycol (DMG; 349 g, 2.0 mol) and methacrylic acid (MA; 103 g, 1.2 mol) with butylated hydroxytoluene (BHT; 0.02 g) was carried out at 90°C for 6 hours under 80-100 mmHg. Components of the reaction mixture were separated by column chromatography, thereby obtaining a colorless, transparent, viscous liquid of pure 10-hydroxydecyl methacrylate (10-HDMA) at 100 g.
With DHCD (10.30 g, 0.05 mol) in benzene (100 g), the reaction of 10-HDMA (16.94 g, 0.07 mol) and DTA (10.36 g, 0.05 mol) was carried out in a manner similar to the synthesis of 2-MEDT. A yellow, transparent, viscous liquid was then obtained in the amount of 7.10 g (yield: 33.02%). 4. 12-Methacryloyloxydodecyl 6,8-dithiooctanoate (12-MDDDT) With benzene (100 g) as a solvent, 12-hydroxydodecyl methacrylate (12-HDDMA; 18.90 g, 0.07 mol) was synthesized from 1,12-dodecamethylene glycol (DDG) and MA in a manner similar to the synthesis of 10-HDMA.
With DHCD (10.30 g, 0.05 mol) in benzene (100 g), the reaction of 12-HDDMA with DTA (10.36 g, 0.05 mol) was carried out in a manner similar to the synthesis of 2-MEDT. The reaction product was a yellow crystalline compound of 7.55 g (yield: 23.5%) which had a melting point range of 30.3-30.6°C. 5. 2-Acryloyloxyethyl 6,8-dithiooctanoate (2-AEDT) With DHCD (10.30 g, 0.05 mol) in benzene (100 g), the reaction between 2-hydroxyethyl acrylate (HEA; 9.2 g, 0.08 mol) and DTA (10.36 g, 0.05 mol) to synthesize 2-AEDT was carried out in a manner similar to the synthesis of 2-MEDT. A yellow, transparent, viscous liquid was then obtained in the amount of 5.98 g (yield: 39.34%).
With DHCD (10.30 g, 0.05 mol) in benzene (100 g), the reaction between 2-hydroxypropyl acrylate (HPA; 10.32 g, 0.08 mol) and DTA (10.36 g, 0.05 mol) to synthesize MAEDT was carried out in a manner similar to the synthesis of 2-MEDT. A yellow, transparent, viscous liquid was then obtained in the amount of 4.63 g (yield: 29.11%). 7. 1-Ethyl-2-methacryloyloxyethyl 6,8-dithiooctanoate (EMEDT) With DHCD (10.30 g, 0.05 mol) in benzene (100 g), the reaction between 2-hydroxybutyl methacrylate (HBMA; 12.64 g, 0.08 mol) and DTA (10.36 g, 0.05 mol) to synthesize EMEDT was carried out in a manner similar to the synthesis of 2-MEDT. A yellow, transparent, viscous liquid was then obtained in the amount of 3.50 g (yield: 20.45%).
Bis(methacryloyloxymethyl)methyl 6,8-dithiooctanoate (BMMMDT)
A mixture of MA (172 g, 2.0 mol), glycidyl methacrylate (GMA; 298 g, 2.1 mol), triethylamine (TEA; 2.4 g), and BHT (0.02 g) was continuously stirred at 68°C for 12 hours. A viscous liquid was obtained, which was washed with ether and dried with anhydrous magnesium sulfate. After the solvent was removed at 35°C under 40 mmHg, the remaining product was a colorless, transparent, viscous liquid of 1,3-di(methacryloyloxy)-2hydroxypropane (MA-GMA).
With DHCD (10.30 g, 0.05 mol) in benzene (100 g), the reaction between MA-GMA (16.2 g, 0.07 mol) and DTA (10.36 g, 0.05 mol) was carried out in a manner similar to the synthesis of 2-MEDT. A yellow, transparent, viscous liquid was then obtained in the amount of 3.38 g (yield: 16.09%).
Preparation of metal adherends
Precious pure metals used in this study were Au, Ag, Pt, and Pd (Ishifuku Metal Industry Co., Ltd., Tokyo, Japan). Dental precious alloys used were Au alloy (Casting Gold M.C. Type IV, GC Dental Products Corp., Tokyo, Japan), Ag alloy (Sunsilver, Sankin Kogyo Co., Ltd., Tokyo, Japan), and Au-Ag-Pd alloy (Castwell M.C., GC Dental Products Corp., Tokyo, Japan).
Disk specimens of these seven kinds of precious metals and alloys were prepared by Ishifuku Metal Industry Co., Ltd. (Tokyo, Japan) to serve as metal adherends. Details on the purity of precious pure metals and compositions of dental precious metal alloys are listed in Tables 1 and 2 respectively.
Preparation of experimental primers and dental adhesive
Eight experimental primers, each containing 5.0 wt% of 2-MEDT, 6-MHDT, 10-MDDT, 12-MDDDT, 2-AEDT, MAEDT, EMEDT, or BMMMDT in acetone, were prepared. For comparison purpose, one control primer containing no adhesive monomers (None) was prepared.
Dental adhesive used was methyl methacrylatepolymethyl methacrylate/tri-n-butylborane oxide [MMA-PMMA/TBBO] resin. PMMA powder and TBBO were as per those used in Super-Bond C&B (Sun Medical Co., Ltd., Shiga, Japan), and they were used according to manufacturer's instruction.
Tensile bond strength measurement
For the precious metal adherends, disks of varying dimensions were prepared [diameter (mm): Au: 10.0, Ag: 10.0, Pt: 6.0, Pd: 6.5; height (mm): Au: 3.0, Ag: 6.5, Pt: 6.5, Pd: 6.5]. For the precious alloy adherends, all disk specimens were of 7.0 mm diameter and 6.5 mm height. The surface of each metal adherend disk was abrasively finished with 1,000-, 2,000-, and 4,000-grit alumina sandpapers.
After coating the surface with an experimental primer, each treated disk was ultrasonically cleaned in acetone and allowed to stand overnight in acetone. Following which, the disk specimen was further ultrasonically cleaned in acetone and dried. Bonding area on each surface was defined using a perforated cellophane tape of 5.0 mm diameter.
Except for Au, two primer-coated disks of the same metal or alloy were bonded to form a butt-joint specimen by using MMA-PMMA/TBBO resin. Excess resin was removed with a small brush. For Au, bonded specimens were prepared using the Au disk and a sandblasted SUS-304 rod (6.0 mm diameter, 25.0 mm height). To evaluate bonding durability, the bonded specimens were subjected to a 2,000-time thermal cycling test in which they were immersed in water at 4°C and 60°C in alternate one-minute intervals.
Tensile bond strength measurements for five specimens of each metal were done using a universal testing machine (Autograph AGS-1000A, Shimadzu Co., Kyoto, Japan) at a crosshead speed of 2.0 mm/min. Tensile bond testing was conducted at 23±1°C. Fractured surfaces after bond testing were not observed in this study.
Statistical analysis
Statistical analysis was carried out for the bond strength data of experimental primers. One-way analysis of variance (ANOVA) was performed to determine the existence of significant differences among the different experimental primers for each metal adherend. Statistical significance was set in advance at 0.05 probability level. Multiple comparisons were performed using Student-Newman-Keuls test at =0.05. Table 2 Compositions of dental precious metal alloys used
RESULTS
Synthesis and characterization of novel dithiooctanoate monomers
Assignments of 1 H-and 13 C-NMR spectra and mass spectra of all the synthesized compounds characterized them as novel dithiooctanoate monomers: 2-MEDT, 6-MHDT, 10-MDDT, 12-MDDDT, 2-AEDT, MAEDT, EMEDT, and BMMMDT. TLC analysis conducted on silica gel-coated plates before 1 H-and 13 C-NMR spectroscopy and mass spectral analysis showed only one spot for all the synthesized products. This suggested that the purity of all products was over 90%. Although the actual yields of the synthesized products were not so high -ranging only between 16.09% and 39.34%, they were isolated in high purity by silica gel column chromatography.
The physical appearance of all the synthesized products was a yellow, transparent, viscous liquid, except 12-MDDDT. The latter was a yellow crystalline compound with a melting point of 30.3-30.6°C. All compounds had no bad odor. Mass spectrum: molecular weight 420. Tables 3 and 4 present, respectively, the tensile bond strengths of MMA-PMMA/TBBO resin to primer-treated precious metals (Au, Ag, Pt, and Pd) and precious metal alloys (Au alloy, Ag alloy, and Au-Ag-Pd alloy) after 2,000 thermal cycles. Results showed that all the newly synthesized dithiooctanoate monomers exhibited high tensile bond strengths to all the seven kinds of metal adherends. In sharp contrast, control primer which contained no sulfur-containing monomers showed poor bond strength (0 MPa).
Tensile bond strength
With Au, no significant differences in bond strength were observed among 6-MHDT, 10-MDDT, 12-MDDDT, 2-AEDT, MAEDT, and EMEDT (24.7-29.3 MPa) (p>0.05), but they were significantly higher than that of 2-MEDT ( Note: n=5. Adhesive resin used: MMA-PMMA/TBBO resin. One thermal cycle: 4°C water for 1 min and 60°C water for 1 min. If groups from the same adherend column are identified with the same superscript letter, they are not significantly different (p>0.05).
Table 4
Effects of acryloyloxyalkyl and methacryloyloxyalkyl 6,8-dithiooctanoates on tensile bond strength to dental precious metal alloys after 2,000 thermal cycles Note: n=5. Adhesive resin used: MMA-PMMA/TBBO resin. One thermal cycle: 4°C water for 1 min and 60°C water for 1 min. If groups from the same adherend column are identified with the same superscript letter, they are not significantly different (p>0.05).
Pd (36.7-47.5 MPa), and Au-Ag-Pd alloy (35.0-48.8 MPa), no significant differences were found among all the novel dithiooctanoate monomers (p>0.05). Although no significant differences in bond strength were found among most of the dithiooctanoate monomers (p>0.05), 6-MHDT and 10-MDDT consistently excelled with high bond strength to all the precious metals and alloys tested (Tables 3 and 4 ). In particular, 10-MDDT exhibited the highest mean bond strength to gold (29.3 MPa) and 12-MDDDT to Au alloy (48.9 MPa).
DISCUSSION
Synthesis and characterization of novel dithiooctanoate monomers
In the quest for and design of more advanced sulfurcontaining adhesive monomers, we turned our attention to DTA, an organic sulfur-containing compound which has cyclic disulfide in its structure. In the present study, the chemical structure of all the synthesized adhesive monomers consisted of three typical parts 15) : a polymerizable functional group, methylene chain or alkylene group as a connecting group, and a cyclic disulfide group. Eight kinds of novel dithiooctanoate monomers were thus synthesized via an esterification reaction of monohydroxy alkyl methacrylates or acrylates (OH monomers 1-3 in Fig. 1) with DTA, using DHCD as an esterification agent, at room temperature for 2 weeks (Fig. 1) . The structure of the novel dithiooctanoate monomers depended on the structure of OH monomers. For 2-MEDT, 6-MHDT, 10-MDDT, 12-MDDDT, and 2-AEDT, they were synthesized via esterification between OH monomer 1 with methylene chain (carbon number ranging from 2 to 12) and DTA. For the syntheses of MAEDT, EMEDT, and BMMMDT, HPA and HPMA (OH monomer 2 in Fig. 1 ) and MA-GMA (OH monomer 3 in Fig. 1 ) were used respectively.
Preliminary experiments found the successful synthesis of 2-MEDT via esterification. The synthesis procedures of the other seven kinds of dithiooctanoate monomers were thus based on the esterification reaction conditions of 2-MEDT synthesis, which entailed stirring continuously the mixture of an OH monomer (0.05-0.08 mol), DTA (0.05 mol), DHCD (0.05 mol), and benzene (100 g) at room temperature for 2 weeks. When esterification reaction was completed, purification was by silica gel column chromatography with benzene as the eluent.
The synthesized dithiooctanoate monomers possessed favorable characteristics such as good stability in both air and organic solvents (i.e., acetone and ethanol). Most notably, they had no bad odor -unlike conventional sulfur-containing monomers such as thiols, thiophenols, and thiophosphoric acids which emit a foul smell. From commercial viewpoint, this is an important and pertinent improvement towards applicability in commercial products.
Prior to 1 H-and 13 C-NMR spectroscopy and mass spectral analysis, all the newly synthesized products showed only one spot on TLC. This suggested that the purity of all products was over 90%. For the crystalline compound of 12-MDDDT, its narrow melting point range (30.3-30.6°C) that spanned only 0.3°C indicated that it was a highly pure compound. With the exception of 12-MDDDT, all the other synthesized products in yellow, transparent, viscous liquid form were purified by silica gel column chromatography upon completion of esterification reaction. This probably accounted for the difference in degree of purity between crystalline 12-MDDDT and the other novel dithiooctanoate monomers.
All the eight newly synthesized dithiooctanoate monomers were characterized using 1 H-and 13 C-NMR spectroscopy and mass spectral analysis. All synthesized products possessed peaks which were typically assigned as radical polymerizable unsaturated double bonds (CH2=C<) at 5-6 ppm in 1 H-NMR spectra and in the range of 124.0-137.0 ppm in 13 C-NMR spectra. Both 1 Hand 13 C-NMR spectra also revealed that all synthesized products possessed cyclic methylene chains derived from DTA. Mass spectrometry confirmed the molecular weight of each synthesized product in this study.
Characterization and analysis results of this study showed that the desired novel dithiooctanoate monomers were obtained in high purity. For industrial synthesis of these dithiooctanoate monomers, their low yields (16.09-39.34%) could be improved by using appropriate catalysts so that esterification reactions could be carried out in a highly efficient manner.
Tensile bond strength
Eight experimental primers respectively contained 5.0 wt% of each novel dithiooctanoate monomer in acetone. For comparison purpose, the control primer contained no adhesive monomers in acetone. Tensile bond strengths of MMA-PMMA/TBBO adhesive resin to primer-treated Au, Ag, Pt, Pd, Au alloy, Ag alloy, and Au-Ag-Pd alloy were measured after 2,000 thermal cycles. In the present study, each primer-coated metal adherend was ultrasonically cleaned in acetone and allowed to stand overnight in acetone. In this surface preparation procedure, a self-assembled monolayer of adhesive monomers can be formed on each metal adherend surface. This thus ensured that the bond strength measured was indeed the basic bond strength rendered by the primer to the metal adherend. In clinical settings, the primer could be applied on metal surfaces with sandblasting treatment -which should further increase bond strength.
Where experimental primers were applied, high tensile bond strengths to all the metal adherends were obtained. On the other hand, poor bond strength (0 MPa) was obtained for all the metal adherends when control primer was applied. For bonding to Ag, Pt, Pd, and Au-Ag-Pd alloy, no significant differences in tensile bond strength (p>0.05) were found among all the dithioocanoate monomers. For bonding to Au and Au alloy, 2-MEDT showed significantly lower bond strength (p<0.05) than the other dithiooctanoate monomers. On the overall, the novel dithiooctanoate monomers synthesized in this study exhibited excellent bonding to precious metals and alloys, especially when compared to the control primer without sulfur-containing adhesive monomers. 1. Effect of C-number of methylene chain on adhesion Previous studies 16, 17) have reported on a highly positive correlation between tensile bond strength to dental Ni-Cr alloy and the C-number (C2-C10) of methylene chain [-(CH2)n-] in the structure of trimellitic anhydridetype adhesive monomers 16) or phosphate ester-type adhesive monomers 17) .
It was concluded that the methylene chain -as a spacer group in acidic adhesive monomers-affected the tensile bond strength to Ni-Cr alloys 16, 17) .
In the present study, a highly positive correlation was thus anticipated between the C-number of methylene chain (C2-C12) in dithiooctanoate monomers and their bond strengths to precious metals and alloys.
Interestingly, no significant differences in tensile bond strength to Ag, Pt, Pd, and Au-Ag-Pd alloy (p>0.05) were found among 2-MEDT (C2), 6-MHDT (C6), 10-MDDT (C10), and 12-MDDT (C12). However, bonding to Au revealed the following bond strength trend: 2-MEDT (C2; 17.2 MPa)<6-MHDT (C6; 24.7 MPa)<10-MDDT (C10; 29.3 MPa).
The role of methylene chain of sulfur-containing monomers on adhesion is still not well defined. Nonetheless, results of this study revealed that the dithiooctanoate group had a predominant, overarching influence on adhesion to precious metals and alloys. Therefore, regardless of the C-number of methylene chain, all dithiooctanoate monomers with methylene chain of C2-C12 exhibited high tensile bond strengths to Ag, Pt, Pd, and Au-Ag-Pd alloy with no significant differences (p>0.05). 
Effects of polymerization reactivity and side branches on adhesion
